Background. Studies attempting to elucidate an association between homocysteine and symptom progression in Parkinson's disease (PD) have had largely discrepant findings. is study aimed to investigate elevated serum homocysteine levels and symptom progression in a cohort of PD patients. Methods. Serum homocysteine, folate, and vitamin B12 levels were measured in 205 people with PD and 78 age-matched healthy controls. People with Parkinson's disease underwent a battery of clinical assessments to evaluate symptom severity, including motor (MDS-UPDRS) and cognitive (ACE-R) assessments. Multivariate generalised linear models were created, controlling for confounding variables, and were used to determine whether serum markers are associated with various symptom outcome measures. Results. People with Parkinson's disease displayed significantly elevated homocysteine levels (p < 0.001), but not folate or vitamin B12 levels, when compared to healthy controls. A significant positive correlation between homocysteine and MDS-UPDRS III score was identified in males with Parkinson's disease (r s � 0.319, p < 0.001), but not in females, whereas a significant negative correlation between homocysteine levels and total ACE-R score was observed in females with Parkinson's disease (r s � −0.449, p < 0.001), but not in males. Multivariate general linear models confirmed that homocysteine was significantly predictive of MDS-UPDRS III score in male patients (p � 0.004) and predictive of total ACE-R score in female patients (p � 0.021). Conclusion. Elevated serum homocysteine levels are associated with a greater motor impairment in males with Parkinson's disease and poorer cognitive performance in females with Parkinson's disease. Our gender-specific findings may help to explain previous discrepancies in the literature surrounding the utility of homocysteine as a biomarker in PD.
Introduction
Parkinson's disease (PD) is a chronic and progressive neurological disease that is characterised by the onset of an array of motor and nonmotor signs and symptoms. Nonmotor symptoms, including cognitive impairment, apathy, emotional disturbance, and sleep disturbance, are commonly reported as being equally as debilitating as cardinal motor symptoms [1] . It is well established that the progression and clinical symptom presentation varies considerably among people with Parkinson's disease (PwP) [2] , with some studies indicating that several nonmotor features of PD often precede traditional motor signs [3] . Despite the well-characterised symptomatology of this disease, the specific pathogenic mechanisms underlying the death of such a vast array of neurons and structures cannot yet be explained.
erefore, factors that predict these varying outcomes in PwPs and potential diagnostic biomarkers of this degenerative disease require exploration.
Homocysteine (Hcy) is a thiol-containing, nonessential amino acid that is generated in all cells as a by-product of methionine and folate metabolism [4, 5] . Hcy is normally metabolised through two biochemical pathways, during remethylation to methionine and transsulfuration to cystathionine [6] .
erefore, Hcy can accumulate if these biochemical processes become dysregulated [6, 7] . Typically, elevated Hcy levels are associated with increasing age, male gender, caffeine consumption, lack of physical activity, and smoking [7, 8] . Additionally, low levels of dietary vitamin B12 and folate have been associated with elevated serum Hcy, most likely due to the role they have in Hcy metabolism [9, 10] . High levels of serum Hcy, known as hyperhomocysteinemia (HHcy), are thought to contribute to endothelial dysfunction and oxidative damage [7, [11] [12] [13] [14] [15] . While previous studies have implicated high levels of serum Hcy in stroke and other cardiovascular disorders [16] [17] [18] , associations with neurodegenerative disorders such as dementia and Alzheimer's disease (AD) have also been identified [9, 19] .
Several studies have reported an association between HHcy and PD; however, such associations have been thought to be a result of long-term levodopa (L-DOPA) therapy [20, 21] . Interestingly, these studies have also indicated that L-DOPA, itself, may be the principal cause of elevated Hcy levels, as opposed to a consequence of the disease [5, [20] [21] [22] . Many studies indicate that elevated Hcy levels can occur independently of PD medication due to genetic variants and nutritional deficiencies of vitamin B12 and folate [23, 24] . Further to this, it is thought that these variants or deficiencies can lead to greater susceptibility to HHcy following levodopa treatment, which is a risk factor for more rapid cognitive decline and progression of motor impairment [20, 25, 26] . To date, investigations into the relationship between elevated Hcy and rate of PD progression and severity have yielded inconsistent results, with variation occurring in studies reporting whether or not HHcy is a risk factor for disease progression [2, 20, 25] . As such, it remains unclear whether HHcy is a significant contributor to PD, or whether disease progression leads to the elevation of Hcy levels [12] . Similarly, the association between elevated levels of Hcy and cognitive dysfunction remains unclear. Findings from a number of studies suggest that elevated Hcy may contribute to the development and exacerbation of cognitive impairment in PD [5, 15, 24, [27] [28] [29] , and others have reported no association between Hcy serum levels and cognitive impairment [24, 30] .
Despite extensive research, there are still inconsistent results surrounding the association between HHcy and clinical features of PD, and therefore the utility of Hcy as a biomarker in PD remains in question. As such, this study aimed to investigate homocysteine levels in a cohort of PwP and healthy controls and determine the effect of elevated serum Hcy on patient motor and cognitive performances. (Table 1 ). All PD medications were converted to a total levodopa equivalent dose (LED), based on a previously reported conversion equation [32, 33] . Motor symptoms were evaluated in the "ON" state using the Movement Disorder Society-Unified Parkinson's Disease Rating Scale (MDS-UPDRS) Part III and Hoehn and Yahr (H&Y) Scale [34] . In addition, each participant was evaluated by a clinical psychologist and completed a panel of neuropsychological assessments, as previously described [35] . Global and domain cognitive function was assessed using the revised "Addenbrooke"s Cognitive Examination' (ACE-R) [36, 37] .
Methods

Serum Analysis.
Fasted patient and healthy volunteer control blood samples were collected prior to clinical or psychological assessments. For blood collection, 10 ml of whole blood was taken from a median cubital vein and stored in a standard BD EDTA vacutainer ® (Becton Dickinson and Company, Franklin Lakes, N.J.). Serum Hcy, vitamin B12, and folate were recorded for analysis in this study.
Statistical Methods.
Data were analysed using IBM-SPSS (v. 24, IBM Corporation). Where appropriate, univariate regression analysis or Mann-Whitney U-test was performed to identify differences between patient and control serum markers. Cohen's d ESs were calculated for the mean differences, with an ES of 0.20 considered small, 0.50 medium, and 0.80 large. Spearman Rho correlation coefficients were used to assess the relationship between serum Hcy level and continuous patient-related variables, with values of r � 0.10 considered small, 0.30 medium, and 0.50 large. Generalised linear models (GLM) were used to investigate outcome measures, such as motor severity and cognitive score, with serum Hcy as an independent variable. GLMs were used to analyse the relationship between variables identified as being significant in the univariate models, the motor symptoms assessed in the MDS-UPDRS part III examination, and the cognitive score assessed in the ACE-R. Variables proposed to be risk factors for the development of high serum Hcy levels in PD were also included in the GLMs. Variables included in the GLMs were as follows: age at assessment, LED, DBS history, and disease duration. A significant nominal p value of ≤ 0.05 was employed.
Results
Homocysteine Levels Are Elevated in Males and Patients with PD.
Overall, the distribution of Hcy levels differed in males and females, with the average serum level in males being higher in both patient and control samples (Figure 1(a) ). Mean comparisons revealed significant differences in serum Hcy in males and females with PD ( Figure 1(b) ; p < 0.001 and p � 0.009, respectively; d � 0.629). Furthermore, mean comparisons revealed significant differences in serum vitamin B12 in males with PD ( Table 2 , p < 0.001), but the same could not be said for females with PD ( Table 2 , p � 0.163). Such differences occurred independently of any significant changes between serum folate (p � 0.133) or vitamin B12 levels (p � 0.054).
Gender-Specific Correlations with Hcy Levels in PwP.
Given the observed gender differences, male and female PwPs were analysed separately. Spearman's rho analysis revealed a significant positive correlation between patient age and Hcy level in both males (r s � 0.163, p � 0.037) and females (r s � 0.366, p < 0.001). In addition, LED (r s � 0.278, p � 0.001) and disease duration (r s � 0.230, p � 0.008) were significantly correlated with Hcy levels in male patients, but not in female patients.
In male patients, a significant positive correlation between Hcy levels and MDS-UPDRS III (r s � 0.319, p < 0.001) was observed. In contrast, there was no significant association between Hcy levels and MDS-UPDRS III scores in females (Table 3 ). Conversely, in female patients, Hcy levels were significantly inversely correlated with cognitive scores, as indicated by the ACE-R total score (r s � −0.449, p < 0.001), whereas there was no association between Hcy levels and cognitive scores in male PD patients (Table 3) .
Elevated Homocysteine Levels Significantly Associate with MDS-UPDRS III Scores in Males.
To determine if Hcy levels were predictive of motor symptom severity, multivariate general linear models (GLMs) were used. Identified correlates of Hcy levels, such as age at assessment, disease duration, and LED, were included in final models. When controlling for these variables, serum Hcy levels were predictive of elevated MDS-UPDRS III scores in males (p � 0.004; Table 4 ). Specifically, for each additional micromole per litre unit (µmol/L) of serum Hcy, male patients were predicted to score 0.77 points higher on the MDS-UPDRS III. However, serum Hcy levels did not significantly associate with MDS-UPDRS III scores in females, with females only predicting to score 0.375 points higher on the MDS-UPDRS III for every µmol/L of serum Hcy. Final GLM models indicate that when controlling for potential covariates, Hcy levels are significant predictors of motor outcome/severity scores in males, but not females.
Elevated Homocysteine Levels Significantly Associate with ACE-R Cognitive Score in Females.
When controlling for disease duration, age at assessment and LED, serum Hcy was predictive of total ACE-R score (p � 0.021; Table 5 ). Specifically, for each additional µmol/L of serum Hcy, female patients were predicted to score 0.47 points lower on the ACE-R assessment. However, the same could not be said for male participants, who only saw a 0.016-point decrease for total ACE-R scores, which is approximately 90% less of a change than seen in females. Final GLM models indicate that when controlling for potential covariates, elevated Hcy levels are a significant correlate of decreased cognitive function in females, but not males.
Discussion
Elevated serum Hcy is reported as a risk factor for stroke and other cardiovascular disorders [16] [17] [18] , with mixed findings in PD [38] . In the present study, we report that gender plays a significant role in determining the effects of Hcy as a predictor for motor and cognitive outcome measurements in PD. Specifically, it appears that female patients have an inverse association between serum Hcy and cognitive functioning, whereas male patients have an inverse association between serum Hcy and motor ability.
Although the evidence is somewhat inconsistent, gender differences in serum Hcy have been documented in PD, as well as other disorders [39] . For instance, Wang et al. [40] found that females with cardiovascular diseases or acute Parkinson's Disease 3 pancreatitis had normal Hcy levels (5-15 μmol/L), whereas their male counterparts averaged Hcy levels 5 μmol/L higher [40] . e current study produced similar findings, whereby male participants, regardless of disease severity, had significantly higher Hcy levels than their female counterparts (p < 0.001; d � 0.450). e observed gender differences in serum Hcy may be explained by a variety of factors, including the effects of sex hormones during and postmenopause in women, larger muscle mass in men, and lifestyle factors such as diet and smoking [40] [41] [42] [43] . In recent studies, serum Hcy levels in males and females have been compared throughout different stages of life, with findings suggesting that circulating sex steroids are a crucial contributor to gender differences in serum Hcy [43] [44] [45] [46] . However, along with previous studies, this study indicated Figure 1 : Comparison of serum Hcy levels in PwP and healthy, age-matched controls. Average levels of Hcy were significantly higher in males than females (a). Levels of serum Hcy were significantly higher in PwP compared to healthy controls, in both males and females (b). Data are presented as mean ± SEM.
* p < 0.05; * * p < 0.005; * * * p < 0.001. that gender differences in serum Hcy exist, even when controlling for confounding variables.
Following gender separation, a significant positive correlation between patient age and Hcy was observed in both males and female PwP (r s � 0.163, p � 0.037; r s � 0.366, p < 0.001, respectively). Serum Hcy levels are known to increase with age, which may be due to age-related impairment of associated enzymes and renal function [47] . In addition, the previous literature suggests that Hcy level is associated with levodopa usage, which routinely increases with disease duration. In the current cohort, LED (r s � 0.278, p � 0.001) and disease duration (r s � 0.230, p � 0.008) were significantly correlated with serum Hcy levels in male patients; however, this association was not observed in female patients. It also appeared that serum Hcy levels in male patients were predictive of worsening motor symptoms, with increases of 0.77 points on the MDS-UPDRS III for each additional 1 µmol/L of serum Hcy. Previous studies have also suggested an association between increasing Hcy and occurrence of dyskinesias, a phenomenon which is thought to occur due to a disruption in striatal activity homeostasis [48] . Further, several studies have supported the notion that HHcy is predictive of deteriorating mobility and physical performances, indicated by poorer gait, and balance [49] .
In addition to motor impairment, elevated serum Hcy levels have also been associated with cognitive impairment in Alzheimer's disease and vascular dementia [9, 19] , as well as in PwP [28, 48] . Recent reports have suggested that elevated levels of Hcy stimulate oxidative injury in these cognitive disorders and may lead to neuroinflammation as a result of a burdened cerebrovascular system and damaged neuronal and vascular endothelial cells [9, 11, 15, 26, 38, 50] . While some research has reported no such association [24, 30] , more recent studies have found that HHcy is implicated in aspects of cognitive dysfunction and have suggested a relationship with cognitive impairment in PwP [26, [51] [52] [53] . Accordingly, the present study showed serum Hcy correlated with gender-specific impairment of cognition in female PwP. When controlling for confounding variables, it was found that serum Hcy was predictive of total ACE-R score, a significant finding only observed in female participants. ese findings further support the notion that elevated Hcy levels do have a significant association with cognitive impairment but that this is gender-specific.
Findings from the present study emphasise that elevated Hcy levels correlate differentially with motor and cognitive measures in male and female PD patients, with increased Hcy being associated with worsening motor symptoms in males and poorer cognitive performance in females. Prior studies have found gender associations between the Hcyrelated MTHFR polymorphism [23] , environmental factors, and the impact that elevated Hcy has on various disease states and outcomes [39, 54, 55] . However, Christine et al. [2] recently reported that low levels of vitamin B12 were predictive of worsening motor outcome scores in PwP and that elevated Hcy was predictive of a greater cognitive decline. A large proportion of literature suggests that serum vitamin B12 concentrations are generally lower in men compared to women, thereby providing a potential mechanism whereby male patients are more susceptible to displaying motor impairment [56, 57] . In this study, both male patients and controls had a noticeably lower vitamin B12 level than women, although not to statistically significant levels (p � 0.054). However, there was a significant difference in serum vitamin B12 in males with PD (Table 2 , p < 0.001) but not in females with PD (Table 2 , p � 0.163), compared to healthy controls. is finding partially lends support to the notion that Christine et al. [2] reported low levels of vitamin B12 may be predictive of greater motor impairment and that elevated Hcy may be predictive of impaired cognitive function. Our study subsequently suggests that there may be a complex interplay between serum vitamin deficiencies and gender in determining the influence of elevated Hcy on the clinical phenotype of PD. However, it is also known that genetic variants may too influence phenotype variability within PD [23, 24, 58] . To our knowledge, there are no findings that report a mechanism by which female participants are more susceptible to cognitive impairments as a result of elevated Hcy, and none that explain why males with PD may be more prone to manifest movement difficulties rather than cognitive dysfunction.
Limitations
A number of limitations of the current study must be noted. To overcome possible selection bias, home-based PwPs were recruited sequentially from movement disorder clinics across Australia but did not include patients with more advanced PD who were no longer independent. As the study was cross-sectional in nature, we did not monitor changes in homocysteine levels over the course of the disease. As such, longitudinal studies are needed to explore the alterations of this serum biomarker during the disease progression in PD. Further, as the ACE-R does not include tests of executive function [36] , our findings need to be confirmed using more comprehensive cognitive test protocols. Lastly, there are other known parameters that are related to Hcy levels, such as cerebrovascular disease burden, that were not able to be evaluated in this study.
erefore, future studies may consider examining these factors, which could potentially Parkinson's Disease 5 affect motor and cognitive scores in PD due to the impact that they have on serum Hcy levels.
Conclusions
e findings in this PD cohort indicate that elevated serum Hcy levels are differentially associated with motor and cognitive performance in male and female patients. After controlling for other variables, higher serum Hcy levels were predictive of more severe motor disability in males, whereas in females, higher levels were associated with poorer cognitive function and there was no association with motor status. We believe that this finding of a gender effect may help to explain previous discrepancies in the literature surrounding the utility of Hcy as a biomarker in PD. It is unclear whether HHcy plays a pathophysiological role in PD, or whether it is rather a surrogate marker of the underlying neurodegenerative process [50] . Nevertheless, the gender-specific differences found in the present study warrant further consideration in future larger studies in PD.
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